Background: Pulmonary arterial hypertension (PAH) is a complex pulmonary vasculature disease characterized by remodeling of the pulmonary vessels and a persistent increase in the pulmonary vascular resistance (PVR) with a poor prognosis. Serotonin increases the expression of S100A4/Mts1, which in turn stimulates the proliferation and migration of human pulmonary artery smooth muscle cells through the interaction with RAGE (receptor for advanced glycation end products) and thus S100A4/Mts1 has been implicated in the development of PAH in vitro. Fluoxetine, a selective serotonin re-uptake inhibitor has been shown to protect against PAH. The current study was designed to test whether S100A4 and its associated proteins connected in the development of PAH in vivo as well as to investigate the involvement of those proteins in the protective effect of fluoxetine against PAH. Methods: MCT-induced PAH models were established in Wistar rats by a single intraperitoneal injection of MCT (60 mg/kg). Fluoxetine (2 and 10 mg/kg/day) was intragastrically administered once a day for 3 weeks along with controls. The detection methods followed include Hematoxylin and Eosin (H&E) staining, immunohistochemistry, western blotting and real-time reverse transcription-polymerase chain reaction (RT-PCR). Results: MCT induced pulmonary hypertension, pulmonary vascular remodeling, and right ventricular hypertrophy significantly increased the expressions of S100A4 and RAGE in the pulmonary arteries, lungs and right ventricle (RV). Fluoxetine dose-dependently inhibited MCTinduced pulmonary arterial hypertension, pulmonary vascular remodeling, and right ventricular hypertrophy and reduced the S100A4 and RAGE. Further analysis revealed that fluoxetine alleviated both the increase of p53, MMP13, MMP2 and MMP9 and the decrease of pp53Ser15 and MDM2 in lungs and RV tissues of MCT-induced PAH rats. Conclusion: From the present investigation it could be concluded that S100A4/Mts1 and its associated proteins are involved in the evolution of MCT-induced PAH in rats and fluoxetine inhibits MCT-induced PAH in rats mainly through S100A4/RAGE signaling axis and involved factors.
Introduction
Pulmonary arterial hypertension (PAH) is a complex pulmonary vasculature disease characterised by an increase in the mean pulmonary arterial (PA) pressure more than 25 mmHg at rest. 1 PAH is a life-threatening and progressive disease exemplified by the remodeling of pulmonary vessels which leading to a persistent increase in pulmonary vascular resistance (PVR) and causes right ventricular (RV) failure, and a poor prognosis. 2 Although the pathogenesis of PAH remains poorly understood, vascular remodeling has been confirmed to be a crucial pathological feature of PAH, and is characterized by changes in the pulmonary vascular structures associated with medial hypertrophy and distribution of extracellular matrix (ECM).
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Serotonin (5-HT, 5-hydroxytryptamine) has been involved in the pathological process of PAH both clinically and experimentally. 3, 4 Serotonin influences on the pulmonary vasculature through both serotonin transporter (SERT) and the serotonin receptors. 5 Serotonin initiates a sustained increase in the pulmonary vascular resistance (PVR) by vasoconstriction and pulmonary vascular structural remodeling associated with smooth muscle cell proliferation 6 and by the destruction of extracellular matrix. 7 Selective serotonin reuptake inhibitors (SSRIs) hinder the accumulation of extracellular serotonin and decrease the activation of serotonin receptors via blockade of SERT. 4 Fluoxetine is a highly selective 5-hydroxytryptamine transporter (5-HTT) inhibitor and as a selective serotonin uptake inhibitor it has shown protection against the proliferation of PASMCs 8 and pulmonary vascular remodeling in medial wall thickness via blocking SERT in monocrotaline (MCT)-induced pulmonary hypertensive rats. 7, 9 Recently, S100A4/Mts1 and its associated proteins have been found to be linked with pulmonary hypertension. Serotonin is involved in the synthesis and release of S100A4/ Mts1, 10 and their related proteins which initiate the vascular cell migration, proliferation 10, 11 and the production of matrix metalloproteinases (MMPs) in various cells through the interactions with the receptor for advanced glycation endproducts (RAGE). 12 In this study, " S100A4/Mts1 and its associated proteins" have been found to be the factors involved both in inducing the proliferation of vascular cell and remodeling extracellular matrix through binding with RAGE. S100A4/Mts1, a member of the family of S100 proteins, is an 11 kDa small dimeric EF-hand Ca 2þ -binding protein. 13, 14 It shows no enzymatic activity but exerts its biological function via the interaction with and modulating the function of target proteins from intracellular, extracellular or in both the compartments. The cell response to S100A4/Mts1 is receptormediated, such as RAGE on various cell types. S100A4/ Mts1 has been involved in the pathogenesis of PAH both in human and in the experimental animals. 15, 16 The RAGE is a transmembrane receptor that belongs to the immunoglobulin superfamily of receptors which interacts with different ligands. 17 It is expressed at a low basal level on different healthy cell types. The RAGE was identified as a cell surface receptor for S100/Calgranulins and the key involvement of RAGE in pulmonary hypertension was based on the evidence through different scientific studies. The effect of RAGE on human pulmonary artery smooth muscle cells (hPASMCs) taken from idiopathic pulmonary arterial hypertension (iPAH) patients and in in vivo animal models of monocrotaline-and Sugeninduced PAH was characterized. 17, 18 From these studies, the interaction with RAGE which influenced S100A4/Mts1 and its related proteins resulting in PAH has been proved. S100A4/Mts1 interacts with tumor suppressor protein p53 to trigger its degradation by the proteasome, which promotes cell proliferation in the nucleus.
19 MDM2 (mouse double minute 2, Hdm2 in humans) is a key regulator of p53 and controls the protein levels of p53. 20 MDM2 and p53 are part of a negative feedback loop in which p53 transcriptionally induces MDM2, which in turn inactivates p53. 21 Phosphorylation at multiple sites is the main posttranslational modification of p53, which results in the stabilization of p53 through directly disrupting the function of MDM2, then leading to the transactivation of p53. It has been indicated that the phosphorylation of p53 at Ser15 (pp53Ser15) promotes the stabilization of p53 and induces the accumulation of p53 protein. 22 Moreover, the phosphorylation of p53 at Ser15 increases the transcriptional activity of p53. 23, 24 S100A4/Mts1 plays a crucial role in the remodeling of extracellular matrix (ECM) by regulating the expression of matrix metalloproteinases (MMPs). 25, 26 MMPs play an important role in the reconstruction of vascular structure in PAH.
It is necessary to check that S100A4/Mts1 induces both the proliferation of vascular cell through testing p53, MDM2 and pp53Ser15 and remodeling extracellular matrix by detecting MMP2, MMP9 and MMP13, through binding with RAGE. At present it remains uncertain that whether S100A4/Mts1 is involved in the protective effect of fluoxetine against pulmonary hypertension in vivo. Therefore, the purpose of this study is to investigate the effects of fluoxetine on S100A4/Mts1 and its related proteins against PAH in MCT-induced pulmonary hypertensive rats.
Methods

Animal models of PH and experimental procedure
The animals were taken care of in accordance with Guide to the Care and Use of Experimental Animals (Vol. 1, 2nd ed., 1993, and Vol. 2, 1984 , available from the Canadian Council on Animal Care (CCAC), 190 O'Connor St, Suite 800, Ottawa, ON K2P 2R3, Canada, or in the website: www.ccac.ca).
All the animals involved were approved by the Institutional Animal Care and Use Committee of China Medical University. Experiments were performed on male Wistar rats (180 ± 10 g) from the Animal Resource Center, China Medical University (certificate number: Liaoning 034). Sixty male Wistar rats were randomly assigned into four groups (n ¼ 15 each): control (CONT), monocrotaline (MCT), MCT þ fluoxetine at 2 mg/kg (MCT þ F 2 ), and MCT þ fluoxetine at 10 mg/kg (MCT þ F 10 ). The MCT group and two fluoxetine-treated groups were injected intraperitoneally (ip) with a single dose (60 mg/kg) of MCT (SigmaeAldrich, St Louis, MO, USA) to induce PH. Meanwhile, CONT group received the same volume of ethanol solution and physiological saline (0.9%) (1:4).
Fluoxetine dose-dependently inhibited MCT-induced pulmonary arterial hypertension, vascular cell proliferation and remodeling of extracellular matrix. 7, 9 Fluoxetine (Cadila Pharmaceuticals Limited, Ankleshwar, India) was dissolved in distilled water. At the beginning day of MCT injection, two groups of fluoxetine-treatment rats were administered by gavage once daily with 2 mg/kg and 10 mg/kg of fluoxetine, where the groups of control and MCT rats were treated by gavage with an equal volume of vehicle (distilled water) every day for 21 days. The rats were housed in a controlled environment under a 12 h/12 h lightedark cycle at a controlled temperature of 20 ± 2 C and humidity (50e70%) with access to food and water ad libitum throughout the experimental period of 21 days.
Assessment of PAH
On Day 22, the experimental rats were anesthetized with an intraperitoneal injection of 3% sodium pentobarbital (45 mg/kg). The hemodynamic parameters were measured by following the method as previously described 18 using PV-1 polyvinyl tubes and PE-50 tubes. In brief, at first the right jugular vein and right carotid artery were isolated. Then, the pulmonary arterial pressure was measured with a polyvinyl (PV-1) catheter which was inserted into the pulmonary artery via the right jugular vein, and a polyethylene (PE-50) catheter was intubated into the right carotid artery to directly measure the systemic blood pressure. Both PV-1 and PE-50 tubes were filled with saline containing 1% heparin before catheterization. The data of pulmonary arterial pressure and systemic blood pressure were recorded with a Polygraph (Nihon Kohden RM-6000, Japan). Following this, the rats were killed with an overdose of sodium pentobarbital and the hearts were rapidly removed from the chest. Right ventricle (RV) wall was separated from left ventricle (LV) and septum (Sep), and then the wet weights of right ventricle (RV) and left ventricle plus septum (LV þ S) were measured. The ratio of weight of RV to the weight of left ventricle plus septum [RV/(LV þ S)] was calculated as an index of RV hypertrophy (RVH).
Hematoxylin and eosin (H&E) staining
To examine the histopathological changes of pulmonary blood vessels, hematoxylin and eosin staining (H&E) was performed as previously described. Briefly, the right lower lung tissue was perfused with physiological saline and fixed with 4% paraformaldehyde for 24 h, and was then embedded in paraffin. Paraffin-embedded lung samples were cut into a thickness of 5 mm by microtome and mounted on clean glass slides. After staining with H&E, the sections were observed under optical microscopy and analyzed by Metamorphy/BX41 (UIC/OLYMPUS, USA/JAP). Three rats from each group were studied and at least 2 slides for every individual were evaluated. Under low power, the resistant pulmonary arteries (50e200 mm) were randomly chosen and analyzed to measure the medial wall thickness. Pulmonary arteries (PA) remodeling was determined with the percentage of medial wall thickness. Medial wall thickness of pulmonary arteries was calculated by using the following equation:
Immunohistochemical staining
Immunohistochemical (IHC) reaction was performed with an Ultra Sensitive TM SP KIT and diaminobenzidine (DAB) Staining Kit (Maxin Biotech Inc., Fuzhou, China). As previously described, briefly the sections were in turn deparaffinized, rehydrated, renovated, eliminated with endogenous peroxidase activity and blocked. Then, the sections were individually incubated overnight at 4 C with rabbit polyclonal anti-S100A4 antibody (1:50; Abcam, UK) and mouse monoclonal anti-MDM2 antibody (1:50; Beijing Biosynthesis Biotechnology, China). After incubation with diluted biotinylated secondary antibody, the sections were incubated with streptavidin-biotin-horseradish peroxidase complex. Later, several rinsing was carried out with PBS and diaminobenzidine (DAB) was added to the sections for several seconds to 2 min to achieve a complete washing which was followed by counterstaining with hematoxylin. Lastly, the sections were dehydrated, cleared and were sealed by coverslips with permount. The slides were examined with a computer-assisted microscope (Olympus) and images were taken with a BX51/MetaMorphic microscope (Olympus). The average values of optical density data indicated the protein content indirectly.
Real-time reverse transcription polymerase chain reaction (RT-PCR)
The mRNA levels of MDM2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were analyzed by using quantitative real-time RT-PCR. As previously described, briefly, total RNA was isolated from the homogenates of lung tissues of rats using Trizol Reagent (Takara Biotechnology, China) according to the manufacturer's instructions. Briefly, 1 ml of Trizol reagent was added to the lung tissue and homogenized by a polytron homogenizer (Kinematical AG, Lucerne, Switzerland) by blending with 200 mL of chloroform and the solution was then vigorously mixed. Then, the sample was centrifuged for 15 min at 4 C, and the supernatant was separated. After precipitation and washing, the purified RNA was extracted. The quantity and quality of RNA were determined by NanoDrop (PeqLab, Erlangen, Germany). Equal mounts (2 mg) of RNA from each sample were used as templates for the reaction of reverse transcription to generate cDNA using PrimeScipt RT reagent Kit (Takara Biotechnology, China) for 15 min at 37 C, and for 5 s at 85 C. Realtime PCR was carried out on a LightCycler (Roche Diagnostics, Penzberg, Germany). The reaction mixture of a total volume of 20 ml contained 10 ml SYBR® Premix Ex Taq II (2Â) having TaKaRa Ex Taq® HS, dNTP mixture, Mg 2þ , Tli
Medial wall thickness ð%Þ ¼
RNase H, SYBR® Green I (Takara Biotechnology, China), 2 ml of cDNA templates, 0.8 ml of PCR Forward primer (10 mM), 0.8 ml of PCR Reverse primer (10 mM) and 6.4 ml of ddH 2 O. The reaction conditions were as follows: 95 C for 30 s to pre-incubation, 95 C for 5 s and 60 C for 20 s to amplification, 95 C for 10 s and 65 C for 10 s to melting curve, 40 C for 30 s to cooling. The mRNA levels were corrected by the expression of GAPDH as an endogenous standard. The DDCT method for relative quantification was adopted to determine the fold change in expression. The differences in the Ct values of the sample and GAPDH were calculated (DCT ¼ CT Target À CT GAPDH ). It was further normalized with the control (DDCT ¼ DCTeCT Control ). Then, the fold change in the expression was obtained as (2 ÀDDCT ) and expressed as log 2
ÀDDCT
. The forward and reverse sequences of the primers in quantitative PCR were synthesized (Takara Biotechnology, Dalian, China).
Western blotting
As previously described, briefly, the pulmonary artery, lung and heart tissues of frozen rat from each group were homogenized with a polytron homogenizer (Kinematica AG, Lucerne, Switzerland) in Lysis buffer (Sigma, St. Louis, MO) containing protease inhibitors to extract the protein. Equal amounts (60 mg) of proteins were loaded in each lane and then subjected to electrophoresis on a SDS-PAGE (7.5e15%) and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). After blocking with non-fat dry milk (5%, w/v) for 2 h at room temperature, the membranes were incubated overnight at 4 C with the following: primary antibodies, rabbit polyclonal anti-S100A4 antibody (1:400; Abcam, UK), rabbit polyclonal anti-RAGE antibody (1:400; Boster, China), rabbit polyclonal anti-p53 antibody (1:400; Boster, China), mouse monoclonal anti-MDM2 antibody (1:400; Beijing Biosynthesis Biotechnology, China), rabbit polyclonal anti-p-p53 antibody (1:500; Bioworld Technology, Inc, USA), rabbit polyclonal anti-MMP13 antibody (1:400; Boster, China), rabbit polyclonal anti-MMP2 antibody (1:400; Boster, China), mouse monoclonal anti-MMP9 antibody (1:500; Beijing Biosynthesis Biotechnology, China), rabbit polyclonal anti-b-actin antibody (1:3000; Santa Cruz Biotechnology, CA, USA). After washing with 1 Â PBS-0.1% Tween, the membranes were individually incubated in the horseradish peroxidase conjugated secondary goat antimouse and anti-rabbit antibodies (Santa Cruz Biotechnology, CA, USA) for 2 h at room temperature. The detection of proteins was performed using ECL-Plus Western blotting reagents (Amersham, GE Healthcare, CT, USA) and the protein expression was analyzed by densitometry using Image Quant Software (Molecular Dynamics, Sunnyvale, CA, USA).
Statistical analysis
All the data were expressed as the mean ± SD. Statistical analysis was performed with one-way analysis of variance (ANOVA) using the Statistical Software, SPSS version 11.0 (SPSS Inc., Chicago, USA). Values of p < 0.05 were considered to be statistically significant.
Results
Hemodynamic parameters and right ventricular hypertrophy
Both mean pulmonary arterial pressure (mPAP) and RVI (%) in the MCT group were increased significantly which indicated that MCT-induced PAH models were successful. The decreasing values in the fluoxetine-treated groups were dosedependent, which showed that the fluoxetine has an influence to prevent the development of MCT-induced PAH. No significant differences were observed in case of the mean systemic arterial pressure (mSAP) measured in all the groups (Table 1 ). All the above data showed that MCT induced remarkable pulmonary artery remodeling, yet, the fluoxetine prevented the change induced by MCT.
Morphometric analysis of the pulmonary arteries
Pulmonary arterial remodeling has been shown by the representative photomicrographs of pulmonary arteries stained with H&E from the control, MCT, MCT þ F2 and MCT þ F10 groups of rats and were measured as the percentage of medial wall thickness. The thickness of pulmonary arterial vessels medial wall increased markedly in the MCT group. As compared with other groups, the percentage of medial wall thickness in the MCT group increased from 34.4 ± 5.8% to 46.5 ± 6.3% ( p < 0.001, MCT vs control) and Table 1 Comparison of body weight, mSAP, mPAP, RVI in the different group. decreased to 41.6 ± 5.8% in the MCT þ F 2 group ( p < 0.001, MCT vs MCT þ F 2 ) and to 38.4 ± 4.4% in the MCT þ F 10 group ( p < 0.001, MCT vs MCT þ F 10 ), respectively (Fig. 1 ).
Expression of S100A4 and RAGE
Expressions of S100A4 and RAGE in the rat pulmonary arteries, lung and right ventricular tissues were measured by the western blotting technique.
Rat pulmonary arteries, S100A4 significantly increased in the MCT group as compared with the control group (0.76 ± 0.17 vs 1.24 ± 0.17, p < 0.01). Fluoxetine attenuated MCT-induced S100A4 increase in the MCT þ F10 group (0.88 ± 0.14, p < 0.05 vs MCT). RAGE significantly increased in the MCT group as compared with the control group (0.18 ± 0.05 vs 0.59 ± 0.13, p < 0.01) (Fig. 2) .
Rat lung, S100A4 and RAGE upregulated in the MCT group as compared with the control group (0.88 ± 0.13 vs 1.28 ± 0.15, p < 0.01; 0.83 ± 0.24 vs 1.42 ± 0.15, p < 0.05). Fluoxetine down regulated both S100A4 and RAGE in MCT þ F10 group (0.95 ± 0.13, p < 0.05 vs MCT; 0.89 ± 0.39, p < 0.05 vs MCT) (Fig. 3) . S100A4 and RAGE in the right ventricle of rat increased in the MCT group as compared with the control group (0.51 ± 0.09 vs 0.89 ± 0.20, p < 0.001; 0.74 ± 0.18 vs 1.12 ± 0.24, p < 0.05) (Fig. 4) .
Both S100A4 and RAGE expression in the rat pulmonary artery, lung and right ventricle were upregulated significantly in the MCT group as compared with the control group, whereas these levels were decreased with fluoxetine treated groups, especially in the MCT þ F 10 groups.
The slides in immunohistochemical staining reveal that S100A4 located in the medial wall of the pulmonary arteries. Meanwhile, the average optical density shows that as compared with the control group, S100A4 expression was significantly increased in the rat lungs of MCT group ( p < 0.01, MCT vs control). The level in rat lungs was not markedly changed in the MCT þ F 2 group as compared with the MCT group, but was significantly decreased in the MCT þ F 10 group ( p < 0.01, MCT vs MCT þ F 10 ) (Fig. 5) . These results proved that S100A4 and RAGE expression elevated markedly after MCT treatment as compared with the control group. Also, the administration of fluoxetine reduced the increased expressions in a dose-dependent manner.
Expressions of MDM2, P53, and P-P53 in rat lung
Expressions of P53 and P-P53 in rat lung tissues were measured by western blotting technique. P53 significantly increased in the MCT groups as compared with the control groups (0.66 ± 0.08 vs 1.10 ± 0.23, p < 0.01), whereas it decreased due to fluoxetine ( p < 0.05, MCT vs MCT þ F 10 ). P-P53 protein in the MCT groups decreased as compared with the control groups (1.31 ± 0.09 vs 0.97 ± 0.04, p < 0.001), and increased in the MCT þ F 10 groups ( p < 0.01, MCT vs MCT þ F 10 ) (Fig. 6) .
Real-Time PCR was utilized to detect mRNA of MDM2 in the rat lung tissue. Compared with the control groups, mRNA of MDM2 decreased in the MCT groups ( p < 0.01, MCT vs control), whereas it increased in the MCT þ F 10 groups ( p < 0.01, MCT vs MCT þ F 10 ) (Fig. 7) .
The section in immunohistochemical staining shows that MDM2 is located in the medial wall of the pulmonary arteries. The average optical density was significantly decreased in the MCT group ( p < 0.01, MCT vs control) but was significantly increased in the MCT þ F 10 group ( p < 0.01, MCT vs MCT þ F 10 ) (Fig. 8) .
Expression of MMP13 in the rat lung and right ventricle
Expressions of MMP13 in the rat lung and its right ventricular tissues were measured by western blotting technique. MMP13 both in the rat lung and right ventricular tissue were upregulated in the MCT group as compared with the control group (1.30 ± 0.34 vs 2.46 ± 0.46, p < 0.01; 0.56 ± 0.20 vs 0.89 ± 0.22, p < 0.05, respectively). Fluoxetine downregulated MMP13 in rat lung both in the MCT þ F 2 groups ( p < 0.05, MCT vs MCT þ F 2 ) and MCT þ F 10 groups ( p < 0.05, MCT vs MCT þ F 10 ) (Figs. 9 and 10 ).
Expression of MMP2 and MMP9 in the right ventricular tissues of rat
Expressions of MMP2 and MMP9 in the rat right ventricular tissues were measured by western blotting technique. The level of both proteins from RV in the MCT groups were increased as compared with the control groups (0.73 ± 0.18 vs 1.13 ± 0.08, p < 0.01, MMP2; 0.50 ± 0.13 vs 0.82 ± 0.08, p < 0.01, MMP9, respectively). Fluoxetine decreased both MMP2 and MMP9 ( p < 0.05, MCT vs MCT þ F 10 ) (Figs. 11  and 12 ). 5 . S100A4 immunostaining in lungs from control, MCT, MCT þ F2 and MCT þ F10 group and comparison of s100a4 average comparison of s100a4 average optical density in pulmonary arteries from the four groups. S100A4 immunostaining is visible in the intima and media of pulmonary arteries. Data are the mean ± SD (n ¼ 6). **p < 0.01 vs control; 
Discussion
The present study demonstrated that the expression levels of S100A4/Mts1 and RAGE markedly increased in the pulmonary artery, lung and right ventricle (RV); p53 of lung and RV increased but MDM2 and pp53 Ser15 decreased. Besides, both MMP2, MMP9 and MMP13 in RV and MMP13 in the lung were markedly elevated which led to structural changes in the MCT-induced PAH rats. Fluoxetine markedly inhibited the changes induced by MCT. It suggests that fluoxetine inhibits MCT-induced pulmonary vascular remodeling involved in the S100A4/RAGE axis and related factors.
To detect the effect of S100A4/Mts1 and its related proteins on fluoxetine against PAH in vivo, MCT-induced pulmonary hypertension in the rat was successfully confirmed via hemodynamic parameters and pathological changes. S100A4/Mts1 and RAGE have been frequently implicated in the experimental PAH. Sustained hypoxia leads to an increase in S100A4/Mts1 and RAGE. Moreover, the experimental results suggest the potential of S100A4/Mts1 not only in cell motility but in the cell replication as well. 27 It is shown that S100A4/Mts1 was synthesized and released from the human pulmonary artery smooth muscle cells (hPASMCs) in response to serotonin which then acts to mediate the proliferation and migration of hPASMCs via activation of RAGE. 10 In the present study, we also observed that S100A4/Mts1 and RAGE were elevated noticeably from the pulmonary artery, lung and right ventricle (RV) in the MCT treated rats. Serotonin has been recognized to have an important influence in PAH. 5, 28 Fluoxetine, as a SSRI, has been previously illustrated to be involved in the protection against PAH. The results of this study also revealed that fluoxetine inhibited MCT-induced increase of S100A4/Mts1 and RAGE in the pulmonary artery, lung and right ventricle (RV). This demonstrates that serotonin increased the expression of S100A4/Mts1 in the pulmonary artery, lung and RV thereby S100A4/Mts1 lead to pulmonary artery remodeling and RV hypertrophy via accumulated and activated RAGE in MCT-induced PAH rats. Fluoxetine decreased the abnormal changes of S100A4/Mts1 and RAGE induced by MCT through inhibiting the effect of serotonin transporter. S100A4/Mts1, as a member of S100 calcium binding protein family was first discovered in 1989 which is also known as metastasin (Mts1), fibroblast-specific protein (FSP1), 18A2, pEL98, p9Ka, 42A, CAPL, and calvasculin.
29 S100A4/Mts1 regulates the cellular function through its interaction with other proteins. It has nuclear, cytoplasmic, and extracellular functions. 19 It has been demonstrated that there is a functional interaction between S100A4/Mts1 and tumor suppressor protein p53.
14 The p53 expression is low and it has a short half-life in the normal cells. MDM2 (mouse double minute 2, Hdm2 in humans) is a crucial regulator of p53 and controls the protein levels of p53. 20 MDM2 negatively regulates the function of the tumor suppressor p53. MDM2 and p53 are part of a negative feedback loop in which p53 transcriptionally induces MDM2, which in turn inactivates p53. 21 The p53 is the most frequently mutated tumor-suppressor gene. Most of the p53 mutations lead to the loss of transcription factor function and in the accumulation of dysfunctional p53 protein. 30 The p53 mutation leads to a reduction in the MDM2 transcription. 31 This may be probably due to a reduced expression of p53 target gene MDM2 and thus Mdm2 was insufficient to reduce mutant p53 as quickly as wild-type p53, 32 thereby mutant p53 often accumulates at higher levels. 33 Moreover, mutant p53 might further influence on the function of wild type p53 34e36 and p53 becomes dysfunctional through a variety of regulatory breakdowns. 37 Phosphorylation at multiple sites is the main posttranslational modification of p53, which results in the stabilization of p53 through directly disrupting the function of Hdm2 either by posttranslational modification or through regulating the interactions of Hdm2 with other cellular proteins, subsequently leading to the transactivation of p53 and increasing the transcription of various target genes. 22, 38, 39 It had been indicated that the phosphorylation of p53 at Ser15 (pp53 Ser15 ) promotes the stabilization of p53 and induces the accumulation of p53 protein. 22 Moreover, the phosphorylation of p53 at Ser15 increases the transcriptional activity of p53. 23, 24 The present study also indicates that the expressions of p53 from lung and right ventricle (RV) in the MCT-induced PAH rats increased but MDM2 and pp53
Ser15 decreased significantly. It suggests that p53 lost the function as a transcription factor and accumulated the dysfunctional p53 protein 30 which lead to a reduction in the MDM2 transcription 31 and in the disruption of p53-MDM2 feedback loop 21 in those tissues from the MCT group rats. A reduction in the pp53 Ser15 attenuated the function of p53 through promoting MDM2-mediated p53 degradation 22 and blocking the transcriptional activity of p53. 23, 24 Normally S100A4/Mts1 interacts with p53 protein to prevent cell proliferation. 19 The results of present study indicate that the effects of p53 and relevant factor (MDM2 and pp53 Ser15 ) were influenced in the MCT group rats resulting in the hyperproliferation of cells. This demonstrates that fluoxetine could dose-dependently attenuate those changes induced by MCT. Whether S100A4/Mts1 is directly related with p53 and interrelated factor cannot be fully explained yet the results of current study warrants for further studies. S100A4/Mts1 plays an important role in the matrix remodeling by regulating the expression of matrix metalloproteinases (MMPs). 25, 26 It has been previously indicated that extracellular S100A4/Mts1 stimulates an increased production of several MMPs, such as MMP-2 and MMP-13 via its interaction with RAGE. 40, 41 MMPs are zinc-and calciumdependent endoproteinases that play a critical role in the remodeling of extracellular matrix (ECM) by breaking down its protein components. 42, 43 MMPs were usually regarded to degrade the extracellular matrix components and classified according to their substrate specificity into collagenases, gelatinases, stromelysins, matrilysins, and membrane type (MT) MMPs. The present study shows that S100A4/Mts1 increased significantly from lung and RV tissues in the MCT-induced PAH rats. Moreover, MMP2, MMP9 and MMP13 from RV and MMP13 from lung were increased significantly in the MCT-induced PAH rats. It suggests that S100A4/Mts1 promotes the production of those MMPs in lung and RV which leads to the degradation of extracellular matrix in the lung and RV of MCT-induced PAH rats. The level of RAGE in lung and RV tissues were also increased significantly in the MCT-induced PAH rats. These results suggest that the production of MMPs in lung and RV is in response to the increased S100A4/Mts1 and via its binding to RAGE. Fluoxetine reduced the elevated MMPs induced by MCT in a dosedependent manner.
In conclusion, the present investigation for the first time confirms that S100A4/Mts1 and RAGE of PA, lung and RV tissues in PAH increased in vivo. The level of p53 was elevated in lung and RV tissues for the loss of function as a transcription factor and accumulation of dysfunctional protein.
Then, dysfunctional p53 disrupted the feedback loop of p53-MDM2 and lead to the reduction of MDM2 in the MCT-induced PAH rats. A reduction in the phosphorylation of p53 at Ser15 (pp53 Ser15 ) also decreased the transcriptional activity of p53 in the MCT-induced PAH rats. The expression of MMPs in the lung and RV tissues in the MCT-induced PAH rats were increased significantly. Fluoxetine reduced those lesions to prevent the MCT-induced PAH in a dose-dependent manner. All the above pathological changes were involved in the pulmonary vascular remodeling and right ventricular hypertrophy. In conclusion, fluoxetine inhibits MCT-induced PAH in the rats operating through S100A4/ RAGE signaling axis and other involved factors.
